RBE/Weight loss/Spleen/Co-60/Cs-137/Cf-252 R.B.E. of Cf-252 on lymphoid tissue was assessed by radiation study of spleen weight loss following acute Co-60, and low dose rate (L.D.R.) Cs-137 and Cf-252 irradiations. Acute Co-60 and L.D.R. Cs-137 dose-response followed two component exponential curves with a 1 .3-fold greater effect of L.D.R. Cs-137 vs. acute Co-60 on the first slope and 1.9-fold greater effect for the 2nd slope . L.D.R. Cf-252 response was 1.3x greater than acute Co-60 but was 1.0 vs. L.D.R. Cs-137 for the first slope indicating a similar effect of Cf-252 mixed neutron/gamma radiation to L.D.R. gamma radiation in producing spleen shrinkage . There was no effect of different sequences and schedules of mixing acute Co-60 with Cf-252 irradiation observed by endogenous CFU-S survival. The R.B.E. of 1.0-1.9 indicates that lymphohemopoietic in vivo , presumably well oxygenated, does not respond acutely or as sensitively as hypoxic tumor where R.B.E. is 5-7 .
INTRODUCTION
Cf-252 has been found to be a powerful new radioisotope for clinical radiotherapy and can be used for neutron brachytherapy of bulky, radioresistant localized cancers'). Cf-252 neutron brachytherapy (Cf-NT) by being carried out using interstitial or intracavitary methods confines the neutron radiation dose within the bulky tumor site and immediate region 2). This practice has led to a low frequency of delayed normal tissue complications and high local tumor clearance frequency', 2). In order to use this isotope for clinical neutron therapy addi tional biological effects data are urgently needed. Studies of lympho-hemopoietic tissues by photon irradiation in animals and radiation workers have already shown that those tissues are most susceptible to radiation effects and late neoplastic transformation. Recent studies of lympho-hemopoietic tissue effects have shown that acute response may be much less than that expected, based upon earlier studies and estimates by study of different cell types using cul tured cells and tumors2-s). The present studies have measured spleen weight loss with acute Co-60, with L.D.R. Cs-137 and Cf-252 effects and aim to enhance understanding of Cf-252 effects and R.B.E. in normal lympho-hemopoietic tissues.
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MATERIALS AND METHODS

Animals
Mature 8-10-week-old male and female C57BL mice were purchased from Harlan Labo ratories, Indianapolis, Indiana and acclimatized for 2-3 weeks in our facilities before study. Animals are maintained following standards of the American Association of Laboratory Animal Care. Regular light-dark exposure was used following a natural schedule. Mice were fed animal commercial chow and tap water ad libitum. Chlorine supplemented water was used to reduce gastrointestinal infection of mice.
Radiation
Co-60 irradiation was given using a machine with an output of approximately 120 cGy/ min. at a source-surface distance (S.S.D.) of 65 cm. Mice were placed in a lucite box in indi vidual slots positioned around the central axis ray. Dose was verified by direct air ionization chamber measurements using instruments traceable to the U.S. National Bureau of Standards. Graded acute doses were given in time periods varying from 50 seconds to 6 minutes 23 sec onds.
Cs-137 irradiation was carried out using a ferris wheel irradiator which rotates slowly and continuously during the exposure period 5). The Cs-137 sources are loaded in the central axis of rotation of the wheel. Comparable dose rates of Cf-252 irradiation were used and similar periods of time. The dose rate of Cs-137 was approximately 69.4 cGy/hour and irradiation periods varied from 1 hour 30 minutes to 7 hours and 30 minutes. Dose was measured using direct ionization detectors positioned in multiple different positions of the rotational axis. Full cycle rotational dose was checked by lithium fluoride in capsules. No animal toxicity was observed and pieces of potatoes were placed in the chamber for feeding and fluid, during irradiations.
Cf-252 irradiation was also carried out in the ferris wheel irradiator with continuous exposure using Cf-252 sources loaded into the central axis of radiation. Dose rate was approxi mately 17.7 cGy/hour and irradiation times varied from 30 minutes to 5 hours and 6 minutes. Dose was measured directly as described in detail elsewheres)
.
A control group of mice was rotated for a period of 6.5 hours to 8.5 hours at the same time but without irradiation in order to study the effects of rotation alone on the mice. No deleterious effects or effects on spleen weight was measured in those studies.
Organ Weights
Spleen weight was determined in control and irradiated mice two days after the Co-60, Cs-137 or Cf-252 exposure. Wet spleen weight was measured immediately after sacrifice by cervical dislocation6). Spleens were rapidly excised from the mice and weighed wet using a
Mettler balance. Control mice were sacrificed at the same time and the spleen weight deter mined. Spleen weight was also measured at different times from days 1-3 after irradiation exposure and led to the selection of the two day interval for sampling.
Analysis of Weight Dose response survival curves were determined for fractional weight loss with dose deter mined by the two day weight loss data. Curves were fit by least squares regression analysis and were found to fit the relationship
W = weight of spleen; WO = initial weight control of spleens; e = base of natural logarithms; D = dose; D(1) = D37 of 1st curve; D2 = D37 of 2nd curve; a, b = parameters of the curves. The exponential curves have two different slopes which will subsequently be referred to as "radio sensitive" (steeper 1st curve) and "radioresistant" (less steep 2nd curve). The parameters D(1) and D(2) have been used and represents the dose required to reduce the original spleen weight to 0.37 of the original weight. These parameters should be distinguished from cell survival.
Co-60 dose rate was 161 cGy/minute and irradiation times were several minutes; the Cs-137 dose rate was 69.4 cGy/hour and the irradiation period for doses of 100-500 cGy was approximately 1.5 to 7.5 hours; the Cf-252 dose rate was 17.7 cGy/hour and the irradia tion period was approximately 0.5-5.1 hours.
Endogenous CFU S and Scheduling of Cf-252 and Co-60
Endogenous CFU-S assays reveal effects of radiations on tissue CFU-S stem cells in situ. We tested the mixing of the same total dose of Co-60 radiation (i.e. 550 cGy) plus L.D.R. Cf-252 (i.e. 30 cGy) by irradiation of animals with L.D.R. Cf-252 plus acute Co-60 exposure scheduled 1) Co-60 one hour before, 2) during, and 3) 4 hours after the Cf-252 exposure. This was accomplished by placing the ferris wheel irradiator directly under a Co-60 machine. The Co-60 exposure was made one hour before, during the Cf-252 irradiation (at the exact half time of the L.D.R. Cf-252 irradiation) and 4 hours after the end of the Cf-252 exposure. Animals were sacrificed 10 days later and their spleens excised and placed in Bouin's fixative for counting CFU-S one day later.
RESULTS
Spleen Weight Change with Time Figure 1 traces the weight of the spleens after 100 cGy of acute Co-60, Cf-252, or L.D.R. Cs-137 irradiation and the weights were followed with time for three days. An identical nomi nal dose was used for all three irradiation groups. There was a rapid decrease in spleen weight whether irradiation was acute using Co-60 or given at L.D.R. with Cs-137 or Cf-252. The weight decreased within 24 hours to approximately 65-85% of the control levels') and remained there for the observation period. At the sampling time of 2.5 days, maximum shrinkage had been reached. The time for maximal organ shrinkage depends upon dose as reported by Kallman and Kohn6). Figure 2 traces the dose-response for graded doses of acute Co-60 irradiation as determined on day two. While this period is less than that used by others'-10) it was during a time period From the curves, the L.D.R. relative effectiveness ratio of 1.3 can be determined for the radiosensitive and 1.9 for the radioresistant portion of the weight loss curve using Cs-137 vs.
Survival Curves
acute Co-60. In other experiments, we also studied spleen weight survival at 5 days as was done by Carter et al.7). Since considerable regrowth of spleen was noted in our studies at that time it could not be used to separate the effects of the various radiations. Minimal weight after radia tion was therefore used at two days.
Scheduling Effects for Acute Co-60 and L.D.R. Cf 252 Table 1 shows the endogenous CFU-S counts after the different schedules of acute Co-60 and L.D.R. Cf-252 irradiation. The total radiation dose was the same for both the acute Co-60 and L.D.R. Cf-252 irradiations. The data show that no unusual alteration of CFU-S survival was observed with the different schedules giving Cf-252 radiation before, during or after Co-60 irradiation. Cf-252 on the other hand gave a survival curve with a Do = 47 cGy. All these assay study acute response and indicate that cell death and loss occur following one hit curves entirely consistent with an interphase death pattern shown for other lymphoid cells. While L.D.R. Cf-252 effects are due primarily to neutrons, both n + y radiation are emitted. Cf-252 effects were very similar to other gamma emitting isotopes in biological potency'for producing the shrinkage response of spleen.
We have not yet studied the response to larger doses of Cf-252 but that would require much more prolonged periods of stress and confinement for the Cs-137 and Cf-252 irradiation that used in the present studies. While the low effects of (f-252 neutron irradiation on spleen weight loss are interesting, other detailed studies using high L.E.T. radiation on spleen CFU-S have been reported and reviewed by Ainsworth et al. 14) and by Maruyama et al.4) . Those also showed that Cf-252 effects on CFU-S fall into the low range of R. The R.B.E. has been studied by weight loss response for the lymphoid organs". From our studies of thymus there was no dose rate effect noted and R.B.E. was determined to be 1.7 for the radiosensitive component, 2.0 for the radioresistant component and when all the data was pooled was 3.013). The 'data for the individual components of the reacting thymus tissues probably were perhaps as meaningful separately as the overall tissue response. Based upon agreement with other tissue sensitivities, thymus appeared to be a good organ for R.B.E. studies. Its sensitive component, D1, probably reflects a bone marrow-like cell, i.e., it reflects the sensitivity of lymphocytes and a rapidly proliferating tissue. The overall sensitivity reflects both the cortical and medullary lymphocytes, fibrous tissue and stroma was larger. The radio resistant portion represented the stromal sensitivity.
For the spleen, the radiation response data were more complicated. The organ is mixed lympho-hemopoietic tissue and has a complicated histological appearance. Cellular traffic is from the blood, the bone marrow, the thymus and from peripheral lymphoid tissues. Because of this heterogeneity the R.B.E. values were more difficult to understand. We found that low dose rate radiation affected spleen more than high dose rate and also that high LET neutrons from Cf-252 had no more effect than dose rate. The R.B.E. was only 1.0 for Cf-252 vs. Cs-137.
When the spleen and host animal were stimulated by C. parvum to proliferate and hyper trophy, responses of the organ to acute Co-60, L.D.R. Cs-137 and Cf-252 changed radically and sensitivity to neutrons and gamma dose were strongly affected"). Spleen responded to acute Co-60 following a multi-hit dose-response curve; L.D.R. Cs-137 produced a less steep exponential curve; L.D.R. Cf produced a much steeper single exponential dose-response curve. The latter findings were more in line with what has been observed for other mammalian cell lines. It converted the spleen responses to a pattern much more like the thymus gland with R.B.E. values more "thymoid", i.e., closely resembling the thymus13) These studies established that R.B.E. for Cf-252 neutron is low in lymphohemopoietic tissues and CFU-S4' 5). However, we are still uncertain of late effects of Cf-252 on lympho hemopoietic effects in mice and man. R.B.E. determined by organ weight studies may also not be the same as that determined by colony forming ability cell survival assays. Hypoxic state may also greatly increase the R.B.E. of neutron irradiation2, s, 17, 18) Provided acute irradiation R.B.E. is low and the lesions produced by the low energy fast neutrons and charged particles of high likelihood to kill the cell and produce non-reparable breaks19), the risk of delayed and cumulative late effects may be much less than anticipated.
Microdosimetry of
Cf-252 lesions and scheduling with photon irradiation may also be very important to biological effects20). Currently, studies are underway for Cf-252 induction of delayed radiogenic effects using dose rates comparable to those used clinically. The low R.B.E. for lympho-hemopoietic tissue found for the spleen suggest that the acute hazards of Cf-252 radiation on this most radiosensitive tissue may be similar to other L.D.R. gamma radiation and much less than that based upon extrapolation from a large variety of tissues and creatures.
